Objective: This study investigates distal organ protection during moderately hypothermic right brachial artery selective antegrade cerebral perfusion (MHSACP) in patients undergoing aortic arch repair. Methods: Fifty patients undergoing ascending aorta/aortic arch repair using the MHSACP technique (study group) were compared with another 50 patients randomly selected amongst those undergoing moderately hypothermic open heart procedures (control group). The data from successive clinical examinations and blood samplings were then compared to detect any sign of distal organ damage attributable to the MHSACP technique. Results: The mortality rate did not differ between the two groups (2%). The average cardiopulmonary bypass and aortic cross-clamping durations were 154 AE 53 min versus 102 AE 25 min and 101 AE 41 min versus 70 AE 31 min for the study and control groups, respectively. The mean MHSACP period was 32 AE 14 min (11-81 min) in the study group. The average discharge time was 6.4 AE 1.4 days (5-12 days). Repeated clinical examinations revealed no organ dysfunction and there was no difference between the two groups (with the exception of lactate dehydrogenase) with regard to compared biochemical markers, which might be suggestive of a visceral damaging effect of the MHSACP technique. Conclusions: The present data show that with the use of MHSACP, distal organs are relatively well protected during aortic arch repairs. #
Introduction
Our previous reports demonstrated the efficiency, versatility and simplicity of our moderately hypothermic selective antegrade cerebral perfusion technique through right brachial artery cannulation in aortic arch repairs. Routinely using this technique since 1996, our institution demonstrated the safety of this technique in terms of surgical outcome, cerebrovascular complications and neurocognitive tests [1] [2] [3] [4] . However, the issue of distal organ protection with the use of this technique remained to be clarified. This study was undertaken to investigate visceral protection with regard to clinical and/or biochemical evidence following moderately hypothermic right brachial artery selective antegrade cerebral perfusion (MHSACP).
Materials and methods

Study design
The Institutional Ethics Committee's approval and individual patient consent were obtained. The study group included 50 randomly selected patients amongst those undergoing ascending aorta/aortic arch repair using MHSACP technique in our institution between the years 2002 and 2007. Another 50 patients were randomly selected amongst those undergoing coronary artery bypass grafting or valve repair/replacement procedures through standard ascending aorta cannulation technique during the same period to create a control group. The clinical and biochemical data from both groups were compared to detect any sign of distal organ damage attributable to the MHSACP technique.
lesions were DeBakey Type-I dissection in 37 patients (74%) and ascending aorta/aortic arch aneurysm in 13 patients (26%). In the control group, 28 patients (56%) were operated on for coronary artery disease and 22 patients (44%) for valvular heart disease of rheumatic origin. Three aortic arch aneurysm cases in the study group were reoperations (one previous aortic valve replacement and two previous coronary artery bypass graftings). In addition, there was a patient with type-I aortic dissection who had previously undergone renal transplantation. The performed surgical procedures are outlined in Table 2 . The average EuroScores were 9.8 AE 2.2 (range: 6-16) and 3.2 AE 1.8 (range: 0-8) for the study and control groups, respectively ( p < 0.001).
Surgical technique
Briefly, after induction of general anaesthesia and arterial pressure monitoring through the left upper extremity, the patient is placed in a supine position, with the right upper extremity abducted approximately 908 and rotated externally. Heparin is administrated and the right brachial artery is cannulated through a longitudinal incision in the bicipital groove using a 16-to 18-Fr. venous return catheter without wire-reinforcement (California Medical Laboratories, Irvine, CA, USA) ( Fig. 1 ). The tip of this cannula may be bevelled to give a maximum cross-sectional area fitting the size of relevant brachial artery and is advanced 5-7 cm proximally in the vessel. The cannula is then connected to the cardiopulmonary bypass circuit as usual. Then, the median sternotomy is performed and venous cannulation is established through a two-stage venous cannula inserted through the right atrial appendage.
Cardiopulmonary bypass with core cooling to 26-28 8C is then started. Cardiac arrest is induced with cold antegrade/ retrograde cardioplegic solution (Plegisol, Abbot Laboratories, Chicago, IL, USA) in conjunction with topical cooling. After reconstruction of the ascending aorta using an either composite (valved) or tube Dacron interposition graft, the operation may proceed with the aortic arch reconstruction (either as a hemiarch-type repair using open anastomosis technique described below or a total aortic arch replacement) if the aortic arch is also involved. First, the pump flow is decreased to 500-700 ml min À1 (8-10 ml kg À1 min À1 ) at 26-28 8C rectal temperature. The three brachiocephalic arteries are then individually clamped. (The clamp on the left carotid artery may be temporarily released from time to time to check the amount and colour of blood returning from collateral circulation.) The cross-clamp on the ascending aorta is released to allow for an open anastomosis procedure ( Fig. 2 ). During our initial experience with this technique, we used to monitor the actual perfusion pressure through an 18gauge vessel cannula introduced into brachiocephalic artery just distal to the clamping site, observing a mean pressure between 40 and 50 mmHg. However, having observed that a flow rate of 8-10 ml kg À1 min À1 is generally satisfactory to keep the perfusion in safe limits in terms of flow and pressure, we no longer use routine pressure monitoring during antegrade cerebral perfusion (ACP). The brachiocephalic vessels are anastomosed onto the roof of the aortic arch graft as a single aortic patch. If, for some reason, this is not appropriate, these vessels may be separately anastomosed with or without separate interposition grafts as well.
After the distal end of the aortic arch graft is anastomosed to the descending aorta (always using the 'open anastomosis technique'), the clamps on the brachiocephalic vessels are released (first, the one on the left subclavian artery and left carotid artery, then that on the brachiocephalic trunk) and the flow rate is gradually increased to the preset value, allowing any entrapped air to escape from the proximal end of the graft as its lumen fills with blood. Then, the proximal end of the aortic arch graft is clamped. Re-warming begins at full flow. During re-warming, the anastomosis between the ascending aortic and aortic arch grafts is completed.
No specific adjuvant protection method, such as topical skull cooling and use of steroids or barbiturates, was used during the arch surgery. The same postoperative ventilator settings were used for the both groups, and no specific PO 2 and PCO 2 levels were aimed as a part of the organ-protection strategy.
Data collection
The complete blood count along with routine coagulation tests, as well as biochemical parameters, namely the plasma glucose level, blood urea nitrogen (BUN), creatinine, aspartate amino transferase (AST), alanine amino transferase (ALT), lactate dehydrogenase (LDH), gamma-glutamyltransferase (GGT), alkaline phosphatase (ALP), bilirubin, amylase and lipase levels, were obtained preoperatively, at the first postoperative day and at the 5th postoperative day, as the markers of visceral compromise. Preoperatively, carotid artery duplex and, in stable patients over 40 years of age, coronary angiography were routinely performed. Trans-cranial Doppler and electroencephalography (EEG) were used selectively during the operation for monitoring of middle cerebral artery blood flow and brain activity. During the postoperative period, daily neurological, peripheral vascular and gastrointestinal system examinations, as well as ECG and chest X-ray assessments were carried out. Any signs and symptoms that may possibly be attributed to organ ischaemia and/or dysfunction, such as abdominal pain/ discomfort, melena, fluctuation, diarrhoea or constipation and change in bowel sounds, were recorded.
Statistical analysis
Data analyses were performed by using SPSS for Windows, version 11.5 (SPSS Inc., Chicago, IL, USA). Continuous variables were shown as mean AE standard deviation, along with their ranges. Nominal data were expressed as number of cases with percentages, and analysed by Pearson's chi-square test. While means were compared by unpaired t-test, Mann-Whitney U-test was performed for the comparisons of the medians and distributions. The repeated measurements of variance analysis or Friedman test, where applicable, were used for comparing repetitively collected data. Once the repeated measurements analysis of variance (ANOVA) between groups yielded a significant p-value, the Bonferroni-adjusted multiple comparison test or Bonferroniadjusted Wilcoxon sign-rank test was used to detect where the difference was. A p-value less than 0.05 was considered statistically significant. The Bonferroni adjustment was applied to all multiple pairwise comparisons for controlling possible type-I error.
Results
Operative data
The surgical procedures performed in both the groups are outlined in Table 2 . The average cardiopulmonary bypass periods were 154 AE 53 min (range: 67-320 min) in the study group and 102 AE 25 min (range: 56-187 min) in the control group. The mean aortic cross-clamp durations were 101 AE 41 min (range: 40-183 min; study group) versus 70 AE 31 min (range: 21-112 min; control group). The average selective MHSACP period was 32 AE 14 min (range: 11-81 min) at an average hypothermia level of 27 AE 1 8C (range: 26-28 8C) in the study group (Table 2) .
Postoperative complications
A comparison of the postoperative data is presented in Table 3 . One patient in the control group died due to low cardiac output on the first postoperative day. In the study group, there was one death (2%) due to respiratory failure and following multi-organ failure. There were five revisions (10%), four for cardiac tamponade and one for bleeding. One patient with acute deBakey Type-1 dissection developed coldness, numbness and weakness in the right foot due to persisting postoperative malperfusion. This patient was treated by performing a femoro-femoral cross-over bypass. Two patients developed right-arm numbness and one patient had transient visual loss. All recovered spontaneously at the time of discharge. The mean discharge time was 6.4 AE 1.4 days, ranging between 5 and 12 days. There was no sign or symptom indicating intra-operative organ malperfusion, such as liver or kidney failure, pancreatitis, mesenteric ischaemia or spinal cord injury. No cases of transient or persistent jaundice, oligoanuria, abdominal discomfort/pain, ileus or paraplegia were encountered.
Comparison of clinical parameters
The daily physical examination revealed no difference between the two groups in terms of urine output, oral feeding starting time, dyspeptic complaints, bowel activity return time, bowel sounds and stool passage.
Comparison of biochemical parameters
A detailed presentation and comparison of the preoperative, the 1st postoperative day and the 5th postoperative day measurements from both groups (study group and control group) are presented in Tables 4 and 5 and Fig. 3 . No statistically significant difference between the study and control groups at any given time point was observed (with the exception of lactate dehydrogenase). A comparison of biochemical parameters between the preoperative and postoperative periods revealed a significant difference. This difference was significant on the 1st postoperative day; however, it returned to preoperative levels on the 5th postoperative day.
Discussion
During the past 50 years of cardiac surgery, many techniques were used for cerebral protection during aortic arch reconstruction with varying success. Amongst them were total circulatory arrest with deep hypothermia (DHCA) [5, 6] , retrograde cerebral perfusion (RCP) [7] [8] [9] , and antegrade selective cerebral perfusion (ACP) [10, 11] . Many applications of ACP have also been reported [12] [13] [14] [15] [16] [17] [18] [19] including right axillary artery cannulation with a balloon catheter in the left common carotid artery [13] , direct balloon catheter perfusion of the innominate and left common carotid arteries [14, 15] , unilateral cerebral perfusion through the right axillary artery [16] or right brachial artery [1] , and even direct, bilateral cannulation of the carotid arteries from outside of the thorax [17] . Spielvogel et al. reported the use of a trifurcated arch graft in conjunction with DHCA and selective ACP [18] . Central cannulation of the true lumen of the ascending aorta by an ultrasonographically guided puncture technique similar to Seldinger's was also described by Yamada and Yamazato [19] . Unilateral selective cerebral perfusion has been criticised for the risk of cerebral hyperperfusion and oedema on the [4] . We have been using selective ACP through right brachial artery cannulation with moderate hypothermia in aortic arch operations since 1996. Our institution described a unilateral ACP technique through the right brachial artery, in conjunction with moderate hypothermia (26-28 8C) with excellent neurological outcome [1] [2] [3] . The cannulation of the right brachial artery ensures continuous ACP while avoiding manipulation of the brachiocephalic vessels, which are often atherosclerotic or dissected, provides with a free operative field and eliminates the need to switch cannulation site following arch replacement. Amongst the possible advantages of the brachial cannulation over the more conventional method of axillary artery cannulation are (1) a minimally invasive, simple, rapid and easy access to the inflow artery;
(2) simple, quick and easy repair following decannulation; (3) better control of the cannulation site during cardiopulmonary bypass; (4) less potential space in tissue planes for infection; (5) probably better wound healing and cosmetic results; (6) probably less potential for peripheral neurological injury; and (7) remote localisation from the operative field and important neurovascular structures. Our moderate hypothermia strategy is based on the fact that brain oxygen consumption drops down to 50% of baseline value with moderate hypothermia (28 8C) and further cooling below 28 8C adds little in terms of brain protection. Our technique allows for performing an open distal anastomosis with moderate hypothermia and circulatory arrest in the lower part of the body, with the liver and kidneys not being perfused for 30 or 45 min. However, concerns remained about the potential for dysfunctions and complications involving other organs and tissues that may result in considerable morbidity and mortality despite a seemingly well-protected central nervous system during selective ACP. Therefore, the safety of our technique in terms of distal organ and spinal cord protection at moderate hypothermia remained to be elucidated.
Intra-abdominal complications after cardiac surgery using cardiopulmonary bypass are rare, with an incidence ranging from 0.3% to 2%, but these particular complications have a mortality rate varying from 11% to 59%. Although the pathogenesis of gastrointestinal complications is complex and multifactorial, the major factor implicated in cardiac surgery is believed to be reduced systemic blood flow, leading to inappropriate delivery of oxygen and nutrients. Shunting and consequent distal hypoxia can occur at the tip of the intestinal villi even under normal perfusion conditions. The gastrointestinal tract does not have autoregulation ability to compensate for reductions in blood pressure. Furthermore, due to persistent vasoconstriction, splanchnic hypoperfusion may continue even after haemodynamic stability has been regained after cardiopulmonary bypass [21] [22] [23] .
A possible limitation of the present study is that the control group did not consist of patients undergoing aortic arch repair as did the study group. The main reason is that we have been using our right brachial selective ACP technique in 'all' cases necessitating aortic arch repair since 1996, and there were not enough cases operated on with other perfusion techniques to construct any similar control group. However, since the comparison is made between patients undergoing open heart surgery with moderately hypothermic cardiopulmonary bypass, the comparison should be still valid.
In the present study, the biochemical markers from repetitive blood sampling demonstrated a deviation from the baseline at the 1st postoperative day in both groups; however, these deviations returned to their baseline levels by the 5th postoperative day. We found no difference between the study and control groups with regard to renal, hepatic, spinal cord and bowel functions represented by clinical findings as well as preoperative, postoperative 1st and 5th days levels of measured biochemical markers, except for lactate dehydrogenase, which may be a reflection of red blood cell damage inflicted by the relatively small-bore brachial arterial cannula or which may be due to preoperative factors leading to preoperatively increased lactate dehydrogenase levels in the study group. Therefore, the data from the present study demonstrated that the spinal cord and viscera tolerate well the resulting low-or no-flow periods with the use of the present technique. During the cessation of flow to the lower half of the body, hypothermia combined with collateral blood flow from the upper half of the body probably helps tolerate distal organ ischaemia. The restriction of cooling to about 26-28 8C is that it can limit metabolic and coagulation problems imposed by deep hypothermia. Therefore, we suggest that moderate hypothermic perfusion of the brain and circulatory arrest of the lower body provides adequate protection and can be safely used during arch repairs.
In our previously published studies, we have addressed to the technical aspects and cerebral protection issues of the present approach. This study, addressing the end-organ tissue damage issue with the use of the present technique, completes the description of our approach, which is now commonly employed in a growing number of centers.
